We report a 65 MHz-bandwidth triangular-shaped optical parametric oscillator (OPO) for squeezed vacuum generation at 860 nm. The triangle structure of our OPO enables the round-trip length to reach 45 mm as a ring cavity, which provides a counter circulating optical path available for introducing a probe beam or generating another squeezed vacuum. Hence our OPO is suitable for the applications in high-speed quantum information processing where two or more squeezed vacua form a complicated interferometer, like continuous-variable quantum teleportation. With a homemade, broadband and low-loss homodyne detector, a direct measurement shows 8.4 dB of squeezing at 3 MHz and also 2.4 dB of squeezing at 100 MHz.
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Introduction
A squeezed vacuum is a non-classical state of light, which suppresses quantum fluctuation in one quadrature beyond the shot noise level [1] . Taking advantage of the reduced fluctuation, squeezed vacua are expected to contribute to metrological applications like gravitational wave detectors [2, 3, 4] and quantum imaging [5, 6] . A squeezed vacuum is generated as an even-number photon stream via 2nd or 3rd nonlinear optical effect. Consisting of photon pairs, a squeezed vacuum is combined with a single photon detector to pursue quantum state engineering. Generation of non-Gaussian states of light, such as a Schrödinger's kitten state [7, 8, 9] , is demonstrated in this way. [16] . However, this is not easy due to the instability caused by the long delay-line, which has to contain one virtual wavepacket at a time. To shorten the delay-line and accelerate the processing rate, a broadband squeezed vacuum is required since the temporal length of virtual wavepackets is limited by the bandwidth of CW squeezed vacua [17] . Quadrature squeezing was first observed in four-wave mixing [18] , and later, optical parametric process was used [19] . Variety of methods have been investigated to obtain squeezing, for example, a CW pumped optical parametric oscillator (OPO) [20, 21] , a χ (2) material waveguide [22, 23, 24] , and a χ (3) process in a optical fiber [25, 26] . 15 dB of squeezing is recently reported [27] with an OPO-type squeezed vacuum source and till now there is no other way to realize above 6 dB of CW vacuum squeezing. An advantage of OPO-type squeezed vacuum sources is the enhancement of the nonlinear effect by longitudinal confinement. With an OPO, the pump-induced optical loss in the nonlinear crystal can be suppressed, since less optical power is required for pumping and even a finite pump power is sufficient to provide any parametric gain. However, the bandwidth of a squeezed vacuum is limited by the cavity structure. Although the bandwidth of nonlinear crystals is over 100 GHz deriving from the phasematching condition, we can typically make use of only a narrow bandwidth of a single resonant peak of an OPO cavity, whose linewidth is determined by output coupler transmissivity T and round-trip length l. Here we can say that l should be small to make the linewidth broad, whereas T should be kept at certain value to maintain the longitudinal confinement.
An example of a short, broadband OPO is a monolithic-type one [28] , where the two surfaces of a nonlinear crystal works as mirrors and they forms a FabrryPerrot cavity. The simple structure of a monolithic OPO enables the round-trip length to be below 10 mm, resulting the top record of the bandwidth of 2.26 GHz as a CW squeezed vacuum from an OPO [29] . However, note that a monolithic cavity has only one free parameter, temperature, to be controlled for cavity resonance and phase matching. For the applications with a single OPO like gravitational wave detectors, the laser frequency could be tuned. On the other hand, when we focus on the applications in CV quantum information processing, this solution is not acceptable because two or more squeezed vacua must be in the same frequency to interfere. A semi-monolithic OPO [30, 31] is an alternative of a monolithic OPO, which has an external mirror to form a Fabrry-Perrot cavity together with the one surface of the nonlinear crystal. A semi-monolithic OPO does not have the problem in resonance-controlling because the cavity length can be tuned independently. Nevertheless, these Fabrry-Perrot type OPOs have another issue in common, that is, a cavity-locking probe beam runs along the squeezed vacuum and gets in the successive optical circuits. If the probe is prepared in a frequency shifted mode or a orthogonal polarization mode, it is possible to eliminate the probe beam from squeezed vacuum. However, extra optical loss will be induced in the picking-up setup especially for frequency-shifted probe. Moreover, for orthogonal polarization probe, detuning may be caused by the birefringence of the nonlinear crystal, which is affected by the fluctuation of temperature or the pumping power. Another available option would be optical chopping of the probe, however, it might limit the time scale of the sequence of the entangled state [12, 13] . A ring cavity OPO, in contrast, possesses an advantage of having two circulating beam paths. One of them can be dedicated to the squeezed vacuum, while the other can be used for introducing the probe beam. Then the probe beam can be spatially separated, even if it is in the same frequency and polarization as the squeezed vacuum. Additionally, a ring OPO has many mirrors which allows cavity-probing beams or phase-reference beams of the squeezed vacuum to pass through. With backward pumping, the counter circulating path affords even one more squeezed vacuum, as long as the cavity-probing problems as in Fabrry-Perrot cavities mentioned above is ignorable. Owing to these experimental flexibility, there are some instances of ring OPOs, often bow-tie type OPOs, utilized in the large-scale quantum optical experiments with two or more OPOs like CV teleportation [10, 11] or entanglement generation [12, 13] . While 9.0 dB of squeezing is reported [32] with a bow-tie OPO, the bandwidth of a bow-tie OPO is typically below 20 MHz corresponding to the minimum length of a virtual wavepacket of 30 m [12] due to the complex structure.
In this paper, we demonstrate a generation of a 65 MHz bandwidth squeezed vacuum with a triangle-shaped ring OPO, whose round-trip length is 45 mm. For the specification of the squeezing spectrum, a broadband optical homodyne detection up to 200 MHz is performed with a newly developed photodetector. The squeezing levels of 8.4 dB around DC and 2.5 dB at 100 MHz are observed without any noise correction. Figure 1 shows the schematic of our OPO. A triangle cavity, whose round-trip length is 45 mm and corresponding optical path length l is 53 mm, consists of three mirrors. Two spherical mirrors (LAYERTEC, radius of curvature R = 15.0 mm, diameter φ = 6.35 mm, angle of incidence AOI = 10
Design of OPO
• ), are placed at the vertexes of the acute angles. One of them is the output-coupler mirror with partial-reflection coating (power transmissivity T = 14.6% at 860 nm) and the other is high-reflection (HR) mirror. Linewidth of the cavity is 65 MHz expressed in f HWHM = cT /4πl. To make a cavity-length control, the HR spherical mirror is attached to a ring piezo actuator (Pizomechanik, HPSt 150/14-10/12). The remaining mirror is a flat HR mirror (LAYERTEC, φ = 12.5 mm, AOI = 70). Two HR mirrors have a small transmissivity T = 300 ppm, through which Note that the triangle structure demands relatively large folding angle compared to a bow-tie cavity, which may cause the transverse mode to be elliptic, since the effective curvatures of spherical mirrors are different between horizontal and vertical axes. Additionally, the obliquely placed output-coupler mirror acts as an asymmetric lens when the squeezed beam is extracted. The transverse mode of a squeezed vacuum is highly desired to be circular when we consider applications in which squeezed vacuum interferes with other beams. In order to minimize the distortion of the shape of the output beam, we optimized the geometric parameter of the cavity. Figure 2 shows the calculation of the waist size at the center of the long edge of the triangle. The horizontal and vertical diam- 
Experiment
The schematic of the experimental setup is shown in Fig. 3 . CW light at 860 nm is produced by a Ti:Sapphire laser (M-squared, Sols:TiS). A bowtie-shaped second harmonic generator (SHG) supplies CW pump beam at 430nm with a type-I phase matched KNbO 3 crystal. To match the transverse mode of the pump beam to the OPO, an auxiliary cavity is placed between the OPO and the SHG cavities as a reference of the beam shape. To generate a second harmonic light for alignment, a 860 nm beam is temporally introduced in the opposite direction from the squeezed vacuum. The reference cavity is mode-matched to the second harmonic light of the OPO, and then the 430 nm pump beam is adjusted to resonate to the reference cavity. During the measurement, the beam path of the reference cavity is blocked to prevent an unintended resonance.
The temperature of the PPKTP crystal is kept at 40
• C for type-0 phasematching. The OPO is continuously pumped to generate a squeezed vacuum through a sub-threshold degenerate parametric process. The squeezing and anti-squeezing spectra are obtained in balanced homodyne detection. A local oscillator (LO) beam is prepared as a circular TEM 00 mode by a Fabry-Perrot type mode-cleaning cavity, providing a visibility of 99.1% in the homodyne detection.
Low-loss, low-noise, and broadband homodyne detection is technically challenging. We make use of a wideband, flat-gain homodyne detector based on [33] . A specially ordered photodiode (Hamamatsu Photonics, S5971SPL), which is anti-reflection coated at 860 nm and whose quantum efficiency is higher than 98%, is used. A 100 V bias voltage is applied on it to shorten the drift time of carrier electrons, leading to the high-speed response above 100 MHz. The active aperture diameter of 1.2 mm is large enough to efficiently receive the signal light, while the high bias voltage minimizes the terminal capacitance to 1.5 pF. 20 dB of signal-to-noise ratio (SNR) is achieved in the shot noise detection near DC when the LO beam power is set at 18 mW. Figure 4 shows the equivalent optical loss spectrum of the electronical noise [34] calculated from the SNR spectrum obtained in the homodyne detection.
The OPO, the SHG and the mode-cleaning cavities are locked by tilt-locking technique [35] , which requires no modulated probe field and consequently produces no undesired modulation signal in the squeezed vacuum beam. A phasereference beam is introduced into the OPO along the pump beam, suffering parametric amplification according to the relative phase to the pump. 1% of the reference beam (and also the squeezed light) is extracted through a partialreflection mirror for monitoring, while the 1% transmission allows a cavitylocking probe beam to run in the counter-propagating path to the squeezed vacuum. The phase signal of the pump beam appears as a 92 kHz amplitude modulation in the reference beam, which originates from the phase modulation applied before getting in the OPO. After demodulating this signal, an error . This is a raw data from the spectrum analyzer, without any noise compensation. These data are taken with the resolution bandwidth of 300 kHz, the video bandwidth of 300 kHz, and averaged over 600 sweeps. The LO power is set at 18 mW. DC-300 kHz component is cut off by a high-pass filter to eliminate the reference beam modulation, so the low frequency component below 1MHz is not reliable.
signal is obtained and fed back to the pumping phase, which means that the relative phase of the squeezed vacuum and the phase-reference beam is locked in parallel or orthogonal, depending on the polarity of error signal. The phase reference beam is also detected in the homodyne detection and provides the phase signal of the LO. A 300 kHz high-pass filter is inserted before the spectrum analyzer to prevent saturation caused by the 92 kHz modulation signal. All of these feedback controls are continuously performed during the measurement. Figure 5 represents the quadrature variance spectrum of the vacuum field, the squeezed and anti-squeezed vacuum at the pump power of 225 mW. 8.4 dB of squeezing around DC and 2.5 dB of squeezing at 100 MHz is observed. The normalized spectrums are shown in Fig. 6 . The squeezing spectrum is well matched to the theoretical prediction, which is expressed as [21, 36] :
Result
where R ± is the anti-squeezing or squeezing level of the output from OPO, f is the sideband frequency, η is the total detection efficiency, ρ = T /(T + L) is the escape efficiency of the OPO, L is the internal cavity loss, and ξ is the pump amplitude normalized by the oscillation threshold. The total detection efficiency η depends on the frequency when we consider the electronic noise as an optical loss as shown in Fig. 4 . Around DC, η is 91.8%, including 3.4% propagation loss, 1.8% mode-mismatch in the homodyne measurement, 2.0% detection loss at photodiodes, and 1.0% equivalent optical loss of the electronic noise. Escape efficiency ρ is 98%, derived from the internal cavity loss of 0.30%. The pump power dependence of the squeezing level at 3 MHz is shown in Fig. 7 . 8.4 dB of squeezing is realized at the pump power of 225 mW. In this figure, the pump amplitude is normalized by the oscillation threshold, which is estimated at 490 mW. Theoretical curve in this figure is calculated by Eq. (1), considering the phase fluctuation as [32] :
where R ± is squeezing and anti-squeezing level at homodyne detection, andθ is the root-mean-square value of the phase fluctuation of the squeezed vacuum. We estimateθ at 0.8
• from the phase monitor signals of the pump and the LO. The phase fluctuation do not have much effect on the squeezing level in this measurement because the pump power is kept under 225 mW to prevent the PPKTP crystal from damage. However, the squeezing level will be limited to about 9 dB even under a higher pump power due to the phase fluctuation and the detection loss.
Conclusion
We develop a small, triangle-shaped ring OPO with 45 mm round-trip length, which can generate 65 MHz bandwidth squeezed vacuum. 100 MHz is obtained without any noise compensation. The ring cavity structure of our OPO is suitable to be implemented in the large scale quantum optics setup with many OPOs. Thus, our OPO will contribute to the future highspeed quantum information processing schemes especially with the time-domain multiplexing technique.
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